Introduction
============

Small-interfering RNA (siRNA) works in an efficacious manner like RNA interference (RNAi) in gene therapy, and therefore, it has been applied in cancer treatments by activating RNA-induced silencing complex (RISC) to degrade the targeted messenger RNA (mRNA) in cytoplasm.[@cit1],[@cit2] Gene delivery systems using polymeric materials to protect siRNA from degradation by serum and endonuclease have been investigated in the past decade.[@cit3]--[@cit6] In particular, micelleplexes, nanoparticles with positively charged clusters binding to genes, have attracted considerable interest due to their efficient encapsulation, high stability, and low toxicity.[@cit7],[@cit8] However, the strengthened affinity between siRNA and the carriers leads to insufficient siRNA release in the cytoplasm, and therefore, ineffective activation of RISC.[@cit9]

To overcome the limitation because of which the enhanced stability of micelleplexes is always accompanied by the lowered efficiency of gene release, approaches based on introducing stimuli responsiveness in the hydrophobic core of micelleplexes were proposed to promote gene release by external stimulation, while the shielding function is still retained in the physiological environment.[@cit7] In particular, environmental changes such as pH,[@cit10]--[@cit12] redox potential,[@cit13]--[@cit15] light irradiation,[@cit16] sonication,[@cit17] and even various biological signals[@cit18],[@cit19] have been applied to trigger stimuli-responsive gene delivery systems. Photo-responsive systems have received increased attention due to their operational convenience and spatiotemporal precision.[@cit20] Most of the photo-responsive drug delivery systems utilize photo-labile groups such as pyrene,[@cit21]*o*-nitrobenzyl,[@cit22] coumarin,[@cit23] and other derivatives[@cit24] to absorb the irradiation and elevate the release efficiency of drugs *via* structural destabilization. However, no efficient design has been designed that can fully unpack the encapsulated siRNA. Therefore, an improved gene delivery system that can liberate siRNA in spatiotemporal precision through charged repulsion upon light stimulus is of considerable interest.[@cit25]--[@cit29]

In our group, a triblock copolymer of poly(ethylene glycol)-*b*-poly(2-dimethylaminoethyl methacrylate)-*b*-poly(pyrenylmethyl methacrylate) (PEG-*b*-PDMAEMA-*b*-PPy) has been designed as the siRNA carrier. The PPy segment was proposed to play the role of triggering siRNA release by disassembling the micelleplexes *via* the transformation from PPy to poly(methacrylic acid) (PMAA) after light irradiation. In an acidic environment, the PDMAEMA with positive charges can bind to the siRNA using electrostatic interactions. The third segment of the PEG chain provides the biocompatibility for the micelleplexes. This triblock copolymer demonstrates high siRNA condensation efficiency (above 90%) as long as the N/P ratio approaches 5. More importantly, the siRNA carriers formed by the triblock copolymers exhibit increased stability with only 16% cumulative siRNA release within 1 h without irradiation, whereas the photo-triggered releasing efficiency was 78% within 1 h and 91% after 24 h. The substantial increase in the release efficiency before and after the photo-triggering treatment indicated that the triblock copolymer designed in this study is an ideal candidate for gene therapy and can be explained by the combined effects of the photo-triggered structural transformation from PPy to PMAA and tri-phase transition under different pH environments ([Scheme 1](#sch1){ref-type="fig"}).

![Illustration of photo-responsive micelles binding to and releasing siRNA by structural transitions in response to light and pH stimuli.](c8sc01494a-s1){#sch1}

Results and discussion
======================

Synthesis and characterization of PEG-*b*-PDMAEMA-*b*-PPy triblock copolymer
----------------------------------------------------------------------------

The triblock copolymer PEG~113~-*b*-PDMAEMA~31~-*b*-PPy~30~ was prepared by the sequential chain extension from the macro-initiator of PEG~113~-Br (*M*~n~ = 5000 g mol^--1^, *Đ* = 1.03) to PDMAEMA (*M*~n~ = 9900 g mol^--1^, *Đ* = 1.27) and then PPy (*M*~n~ = 18 900 g mol^--1^, *Đ* = 1.38) using the ATRP technique ([Table 1](#tab1){ref-type="table"}).[@cit30] The dynamic laser scattering (DLS) analysis revealed that the self-assembly of PEG~113~-*b*-PDMAEMA~31~-*b*-PPy~30~ triblock copolymer (50 μg mL^--1^), which was conducted by typical nanoprecipitation under sonication,[@cit31] exhibited a light-intensity-average hydrodynamic diameter of 83 nm with uniform dispersity of 0.11 and retained homogeneous particle dispersity (PDI \< 0.14) with a size of around 85 nm in 5 days at 25 °C ([Fig. 1A](#fig1){ref-type="fig"}). The high colloidal stability was attributed to the π--π stacking interactions between the pyrene molecules inside the hydrophobic core, which was supported by the transmission electron microscopy (TEM) image. The nano-assemblies negatively stained by phosphotungstic acid (PTA) exhibited a spherical shape with a white core of approximately 40 nm in diameter ([Fig. 1B](#fig1){ref-type="fig"}), indicating the formation of core--corona micelles with a hydrophobic core formed by PPy stacking and hydrophilic outer spherical surface composed of PEG and PDMAEMA blocks. The different particle sizes of PEG~113~-*b*-PDMAEMA~31~-*b*-PPy~30~ observed by DLS analysis and TEM images could be attributed to the shrinkage of PEG and PDMAEMA segments when water was removed. This is because the DLS analysis was performed in a water solution, whereas the TEM sample was air-dried. Other PEG-*b*-PDMAEMA-*b*-PPy block copolymers with various chain lengths of PDMAEMA and PPy were synthesized *via* a similar process for the optimization of siRNA condensation efficiency (Table S1[†](#fn1){ref-type="fn"}).

###### Characterization of PEG-*b*-PDMAEMA and PEG-*b*-PDMAEMA-*b*-PPy copolymers

  Entry[^*a*^](#tab1fna){ref-type="table-fn"}   *M* ~n,NMR~ [^*b*^](#tab1fnb){ref-type="table-fn"} (g mol^--1^)   *Đ*                                          Size[^*e*^](#tab1fne){ref-type="table-fn"}
  --------------------------------------------- ----------------------------------------------------------------- -------------------------------------------- --------------------------------------------
  PEG~113~-Br                                   5000                                                              1.03                                         ---
  PEG~113~-*b*-PDMAEMA~31~                      9900                                                              1.27[^*c*^](#tab1fnc){ref-type="table-fn"}   ---
  PEG~113~-*b*-PDMAEMA~31~-*b*-PPy~30~          18 900                                                            1.38[^*d*^](#tab1fnd){ref-type="table-fn"}   83

^*a*^Degree of polymerization calculated by ^1^H-NMR.

^*b*^Molecular weight determined by ^1^H-NMR.

^*c*^Polydispersity measured by GPC using DMF/LiBr as the eluent.

^*d*^Polydispersity measured by GPC using THF as the eluent.

^*e*^Particle size distribution measured by dynamic laser scattering (DLS, Malvern Nano S), PDI = (*σ*/*d*)^2^, whereas *σ* is the standard deviation and *d* is the measured diameter. The DLS analysis of micelles (50 μg mL^--1^) was conducted in triplicate.

![Self-assembling of PEG~113~-*b*-PDMAEMA~31~-*b*-PPy~30~ triblock copolymer. (A) Time-dependent hydrodynamic diameter (*D*~h~) and particle dispersity (PDI) of PEG~113~-*b*-PDMAEMA~31~-*b*-PPy~30~ self-assemblies (50 μg mL^--1^) measured by dynamic light scattering (DLS) in distilled water. (B) Transmission electron microscope (TEM) image of PEG~113~-*b*-PDMAEMA~31~-*b*-PPy~30~ self-assemblies solution (0.5 mg mL^--1^) cast on carbon/Formvar-coated copper TEM grid and negatively stained by 1% phosphotungstic acid (PTA).](c8sc01494a-f1){#fig1}

Stimuli-responsiveness of PEG-*b*-PDMAEMA-*b*-PPy triblock copolymer
--------------------------------------------------------------------

The triblock copolymer of PEG~113~-*b*-PDMAEMA~31~-*b*-PPy~30~ was expected to be responsive to a change in the pH value because the PDMAEMA segment is a weak polyelectrolyte with pH responsiveness.[@cit32]--[@cit34] The effective p*K*~a~ value was determined to be 6.76 by titrating PEG~113~-*b*-PDMAEMA~31~-*b*-PPy~30~ (50 μg mL^--1^ in water) with 0.1 M NaOH solution, which falls within the pH range with a weak buffer capacity (Fig. S5[†](#fn1){ref-type="fn"}). The pH-responsive behavior of PEG~113~-*b*-PDMAEMA~31~-*b*-PPy~30~ was characterized by the observed change in the particle size, which increased from 70 nm to 110 nm when the pH decreased and was most pronounced when the pH value dropped below the p*K*~a~ value (Fig. S6A[†](#fn1){ref-type="fn"}). This phenomenon could be explained by the electrostatic repulsion between the protonated amines of the PDMAEMA block that leads to the increase in the particle size. This fact was further supported by the zeta potential analysis, where the surface charge of the self-assembled PEG~113~-*b*-PDMAEMA~31~-*b*-PPy~30~ micelles was approximately 14 mV when pH was above p*K*~a~, but it increased drastically to 24 mV once the pH value decreased below p*K*~a~ (Fig. S6B[†](#fn1){ref-type="fn"}).[@cit35] Collectively, another contributing factor for the size change could be associated with the increased osmotic pressure.[@cit33]

The photo-responsiveness of PEG~113~-*b*-PDMAEMA~31~-*b*-PPy~30~ was first characterized by the electronic absorption and emission spectrum. UV light with a wavelength of 365 nm can cleave the ester bond on the PPy block, thereby converting poly(pyrenylmethyl methacrylate) to poly(methacrylic acid) (PMAA). The characteristic absorption bands of the pyrene pendant was identified at a wavelength above 300 nm by using the UV-vis spectroscopy.[@cit21] The fluorescence spectrum with excitation at 365 nm revealed the typical peak for excimers at 468 nm within the range from 400 to 600 nm (Fig. S7[†](#fn1){ref-type="fn"}), which was attributed to the stacking of pyrene molecules in a constrained space.[@cit36] The fluorescent intensity of PEG~113~-*b*-PDMAEMA~31~-*b*-PPy~30~ at 468 nm decreased as the UV irradiation time increased ([Fig. 2A](#fig2){ref-type="fig"}) and dropped rapidly to 4% of the original intensity within 10 min, after which it stayed relatively constant ([Fig. 2B](#fig2){ref-type="fig"}). As a result, the cleavage of the photo-labile ester bond on the PPy segment was considered efficient. In addition, the water insolubility of the detached pyrene derivatives, mainly pyrenemethanol, also contributed to the drastic reduction in the excimer fluorescence, as well as the absence of monomeric pyrene emissions. This fact was supported by conducting a control study using the THF/water (v/v = 1/1) co-solvent instead of DI water, where the fluorescent intensity of PEG~113~-*b*-PDMAEMA~31~-*b*-PPy~30~ at 468 nm decreased slower in an increased stepwise manner with irradiation time. The corresponding peak for monomeric pyrene at 393 nm was also observed after UV irradiation (Fig. S8[†](#fn1){ref-type="fn"}).

![PEG~113~-*b*-PDMAEMA~31~-*b*-PPy~30~ in distilled water upon UV irradiation (*λ* = 365 nm). (A) Time-dependent fluorescence spectra of PEG~113~-*b*-PDMAEMA~31~-*b*-PPy~30~. (B) Normalized time-dependent fluorescent intensity at 468 nm of PEG~113~-*b*-PDMAEMA~31~-*b*-PPy~30~. Inset: visual expressions of blue fluorescence decreasing upon UV irradiation.](c8sc01494a-f2){#fig2}

The photo-responsiveness of PEG~113~-*b*-PDMAEMA~31~-*b*-PPy~30~ caused by the cleavage of PPy ester bond affects not only the fluorescent intensity but also the nanostructure. The particle size of PEG~113~-*b*-PDMAEMA~31~-*b*-PPy~30~ micelles in water decreased from 88 nm to 65 nm in diameter within 10 min under UV irradiation and subsequently reaching 60 nm in 30 min (Fig. S9[†](#fn1){ref-type="fn"}). The consistent light scattering intensity indicated that this structural transformation occurred between two stable phases, which will be discussed later. The significant changes in the fluorescent intensity and particle size both occurred within 10 min under UV irradiation, suggesting that 10 min of UV irradiation was sufficient to convert PPy to PMAA segments along with the disassembly of the hydrophobic core. PMAA formation was then confirmed using the titration curve with NaOH solution as the titrant (Fig. S10[†](#fn1){ref-type="fn"}). The enhanced buffering capacity of the triblock copolymer after UV irradiation was attributed to PMAA, a weak electrolyte with a p*K*~a~ value of 5.5,[@cit37] which was converted from PPy after light irradiation.

Condensation and release of siRNA with micelles
-----------------------------------------------

PEG-*b*-PDMAEMA-*b*-PPy self-assembled micelles were expected to efficiently carry the siRNA *via* the electrostatic interaction between positively charged amine groups on the PDMAEMA segment and negatively charged phosphate groups on the siRNA. The ratio of amino groups to the phosphate groups was defined as the N/P ratio, which was used to assess the condensation efficiency of the designed siRNA carrier.[@cit38],[@cit39] The solutions with different concentrations of PEG-*b*-PDMAEMA-*b*-PPy micelles were added into the siRNA solution at the stock concentration to yield micelleplexes with different N/P ratios. The diblock copolymer of PEG-*b*-PDMAEMA that was reported to show high siRNA condensation efficiency was also used to formulate the samples as a control study.[@cit39] The siRNA condensation efficiency of these samples was then evaluated by using ethidium bromide assay (EBA), as shown in Fig. S11.[†](#fn1){ref-type="fn"} [@cit28] It was clear that more siRNA is wrapped inside the triblock and diblock copolymers when the N/P ratio increased, where the efficiency reached a plateau around 90% when N/P = 5. Once the N/P ratio increases beyond 5, the siRNA condensation efficiency of PEG-*b*-PDMAEMA-*b*-PPy and PEG-*b*-PDMAEMA became fairly comparable. Since the influence of the chain length of the triblock copolymers to siRNA condensation efficiency is still ambiguous, PEG~113~-*b*-PDMAEMA~31~-*b*-PPy~30~ was, therefore, selected as the model carrier in this study ([Fig. 3A](#fig3){ref-type="fig"}). A decrease in the particle size from 87 nm to 72 nm was observed after siRNA condensation (Fig. S12[†](#fn1){ref-type="fn"}) and can be attributed to the electrostatic interaction between the PDMAEMA segment and siRNA, which contributed to the contraction of the PDMAEMA shell (Scheme S3A[†](#fn1){ref-type="fn"}). The low N/P ratio and comparable condensation efficiency of siRNA to PEG~113~-*b*-PDMAEMA~31~ demonstrated that the PEG~113~-*b*-PDMAEMA~31~-*b*-PPy~30~ could be the ideal carrier for siRNA delivery.

![(A) siRNA condensation efficiency of PEG~113~-*b*-PDMAEMA~31~ and PEG~113~-*b*-PDMAEMA~31~-*b*-PPy~30~ micelles determined by ethidium bromide assay at various N/P ratios. (B) Cumulative siRNA release of micelleplexes (N/P = 5) at pH 6.0 with and without light irradiation.](c8sc01494a-f3){#fig3}

The micelleplexes formed by siRNA and PEG~113~-*b*-PDMAEMA~31~-*b*-PPy~30~ showed considerable stability with high condensation efficiency in the stock solution for 1 week (Fig. S13[†](#fn1){ref-type="fn"}) and low siRNA release efficiency in distilled water (\<10% of the siRNA amount released in 24 h, Fig. S14[†](#fn1){ref-type="fn"}). This could be explained by the existence of the hydrophobic core and the strong ionic interaction between siRNA and PDMAEMA. To assess siRNA delivery, the cumulative siRNA release efficiency of PEG~113~-*b*-PDMAEMA~31~-*b*-PPy~30~ micelleplexes was further evaluated in a phosphate buffer solution under a controlled pH environment. At pH 6.0, the micelleplexes released around 16% siRNA within 1 h, and then, the cumulative release efficiency reached a plateau at 26% after 24 h ([Fig. 3B](#fig3){ref-type="fig"}). When the pH was increased to 7.4, the releasing rate approached 34% in 24 h (Fig. S14[†](#fn1){ref-type="fn"}) because the environment of higher pH value reduces the protonation of PDMAEMA, which, in turn, weakens the binding between siRNA and the triblock copolymer. Nevertheless, the micelleplexes of PEG~113~-*b*-PDMAEMA~31~-*b*-PPy~30~ and siRNA still effectively minimize the uncontrolled release of siRNA,[@cit7],[@cit38],[@cit40],[@cit41] and therefore, should possess higher stability under physiological conditions. Contrary to general conditions in previous studies, wherein the siRNA carrier with high stability accompanies low release efficiency,[@cit9],[@cit42],[@cit43] the micelleplexes of PEG~113~-*b*-PDMAEMA~31~-*b*-PPy~30~ designed in this study allowed the highly efficient release of siRNA after 30 min of UV irradiation. In particular, the cumulative release of siRNA was 78% in 1 h and further approached 91% within 24 h ([Fig. 3B](#fig3){ref-type="fig"}), implying that the negatively charged carboxylic groups formed from the PPy segment after photo-degradation could contribute toward the release of encapsulated siRNA (Scheme S3B[†](#fn1){ref-type="fn"}). The significant contrast of the siRNA releasing rate before and after UV irradiation (26% *versus* 91%) guarantees the use of PEG~113~-*b*-PDMAEMA~31~-*b*-PPy~30~ as an ideal siRNA carrier for gene therapy.

Tri-phase transition of PEG~113~-*b*-PDMAEMA~31~-*b*-PPy~30~ micelles
---------------------------------------------------------------------

The coexistence of remarkably high stability and siRNA releasing rate shown by micelleplexes of PEG~113~-*b*-PDMAEMA~31~-*b*-PPy~30~ and siRNA was attributed to not only the effectively photo-triggered conversion from PPy to PMAA but also the phase transition of PEG~113~-*b*-PDMAEMA~31~-*b*-PMAA~30~ particles in different pH environments. According to the pH-dependent DLS measurement, three self-assembled morphologies with hydrodynamic diameters equal to 71 nm, 75 nm, and 83 nm were observed ([Fig. 4A](#fig4){ref-type="fig"}). At the basic condition, the particle was proposed to have a PDMAEMA core surrounded by PEG and PMAA chains. However, the decreased light intensity in DLS measurement at pH 8.2 ([Fig. 4B](#fig4){ref-type="fig"}) indicated the instability of these particles, possibly due to the weak hydrophobicity of unprotonated PDMAEMA[@cit44] and could be attributed to the observed smallest particle size. The attempt to further confirm the particle structure by recognizing the superficial PMAA chains using zeta potential measurements was not successful because of the unstable morphology.

![Characterization of PEG~113~-*b*-PDMAEMA~31~-*b*-PMAA~30~ particles generated from PEG~113~-*b*-PDMAEMA~31~-*b*-PPy~30~*via* UV irradiation (30 min) in an aqueous solution. (A) Change in light-intensity-average hydrodynamic diameter of PEG~113~-*b*-PDMAEMA~31~-*b*-PMAA~30~ under different pH environments. (B) Decrease in the light-scattering intensity of PEG~113~-*b*-PDMAEMA~31~-*b*-PMAA~30~ at pH 8.21 with time. (C) Variation in light-scattering intensity of PEG~113~-*b*-PDMAEMA~31~-*b*-PMAA~30~ with various ionic strengths at pH 5.8. (D) Effect of temperature on the size of PEG~113~-*b*-PDMAEMA~31~-*b*-PMAA~30~ particles at pH 2.99 (blue line) and pH 3.50 (red line).](c8sc01494a-f4){#fig4}

The core of PEG~113~-*b*-PDMAEMA~31~-*b*-PMAA~30~ particle should be formed by positively charged PDMAEMA and negatively charged PMAA *via* intra-micellar electrostatic interactions (Scheme S3B[†](#fn1){ref-type="fn"}) to provide a consistent size of 75 nm at pH 4.3 to 6.5, which covers the range of pH 5.8 to 6.1 as the isoelectric point[@cit45] estimated by the measured p*K*~a~ values of PDMAEMA and reported p*K*~a~ values of PMAA.[@cit37] The low zeta potential (less than 5 mV, Fig. S15[†](#fn1){ref-type="fn"}) also supported the mutual shielding of cationic PDMAEMA and anionic PMAA. The structure of PDMAEMA and PMAA core surrounded by PEG was further confirmed by the chart of ionic-strength-dependent light scattering intensity ([Fig. 4C](#fig4){ref-type="fig"}). With the increasing ionic strength because of the addition of NaCl, the light scattering intensity showed a significant drop when the NaCl concentration reached 300 μM. This is because the electrostatic interaction between PDMAEMA and PMAA was susceptible to the high ionic strength that causes the disassembling of particles. The characterization of particle structure rationalized the burst release of siRNA as high as 91% at pH 6.0 because the photo-triggered conversion from PPy to PMAA not only removes the hydrophobic core to destabilize the triblock copolymer carrier but also forms the negatively charged carboxyl groups to knock-off the siRNA from PDMAEMA by inducing competition between the positively charged amine groups and siRNA.

When the pH went below 4.3, the self-assembled micelles of PEG~113~-*b*-PDMAEMA~31~-*b*-PMAA~30~ showed a sharp increase in the particle size, up to 83 nm. The most possible structure at this stage should be a PMAA core associated with the corona composed of PEG and PDMAEMA chains due to the hydrophobicity of the undissociated PMAA segment. The increased zeta potential indicated that the protonated PDMAEMA chains were located in the outer shell (Fig. S15[†](#fn1){ref-type="fn"}). Although the particle core formed by PEG and PMAA *via* the hydrogen bonding has also been reported,[@cit46] the consistence in the particle size under varying temperatures from 25 °C to 70 °C ([Fig. 4D](#fig4){ref-type="fig"}) excluded this possibility because the particles should have become unstable at higher temperatures if the hydrogen bond were the dominant interaction to form the micelles.

Material cytotoxicity
---------------------

Cytotoxicity is a crucial issue in the development of a gene delivery system. For example, the systems with densely cationic charges that induce cell membrane disruption have shown significant cytotoxicity, and therefore, have limited applications.[@cit47] The *in vivo* experimental or clinical use of polyethylenimine, an effective transfection vector, is hindered due to its significant cytotoxicity, too.[@cit25] However, material cytotoxicity could be reduced by micellization or PEGylation that shields the cationic charges.[@cit40] In our study, both UV irradiation and functional groups on polymeric carriers would raise the concern of cytotoxicity. Therefore, we first evaluated the influence of UV irradiation to the cell viability using MTT assay ([Fig. 5A](#fig5){ref-type="fig"}). The MDA-MB-231 cancer cells were exposed to UV irradiation for 10, 20, and 30 min. As compared to the control study without UV irradiation, the cell viability was comparable in all the trials, which indicated that the cytotoxicity caused by the UV irradiation is negligible in our study. Then, the PEG~113~-*b*-PDMAEMA~31~-*b*-PPy~30~ self-assembled micelles were tested for their cytotoxicity ([Fig. 5B](#fig5){ref-type="fig"}). The range of micelle concentration was selected from 0.1 μg mL^--1^ to 20 μg mL^--1^ because 20 μg mL^--1^ of micelles with N/P = 5 is able to condense 160 nM of siRNA, which is much higher than the effective dose of siRNA (30 nM) for activating RISC *in vitro*.[@cit38] The MDA-MB-231 cancer cells were treated with the micelles of PEG~113~-*b*-PDMAEMA~31~-*b*-PPy~30~ for 6 h and then further incubated for another 24 h. According to the cell viability, neither the micelles nor the micelles exposed to UV irradiation significantly induced cytotoxicity, demonstrating that the micelles of PEG~113~-*b*-PDMAEMA~31~-*b*-PPy~30~ or PEG~113~-*b*-PDMAEMA~31~-*b*-PMAA~30~ and pyrenemethanol, the major products after irradiation, are not harmful to cells under the conditions of this study.

![(A) Cell viability of MDA-MB-231 cancer cells upon UV irradiation for 10, 20, and 30 min. (B) Material cytotoxicity of micelles with or without UV irradiation for 30 min. The MDA-MB-231 cancer cells were further incubated for 24 h and cell viability was evaluated using MTT assay.](c8sc01494a-f5){#fig5}

*In vitro* cellular uptake of micelleplexes
-------------------------------------------

The cellular uptake of free siRNA and siRNA carried by PEG~113~-*b*-PDMAEMA~31~-*b*-PPy~30~ in MDA-MB-231 cells was performed by using FAM-labeled control siRNA with 4 h of cellular incubation and evaluated using the average optical density (AOD) calculations of FAM-labeled control siRNA, which was detected by using confocal laser scanning microscopy (CLSM) ([Fig. 6A](#fig6){ref-type="fig"}). As expected, free siRNA exhibited very low uptake efficiency because the electrostatic repulsion between the negatively charged cell membrane and siRNA could interfere with cellular internalization. In contrast, the negative charges of siRNA would be shielded by the complexation with triblock copolymers, and therefore, siRNA carried by micelleplexes demonstrated a significantly enhanced uptake efficiency in MDA-MB-231 cells, which was almost 23-fold higher than that of free siRNA. The increasing siRNA concentration from 40 nM to 80 nM could further elevate the uptake efficiency to 60 folds ([Fig. 6B](#fig6){ref-type="fig"}), revealing a proper correlation between the number of micelleplexes and the quantity of siRNA engulfed by cancer cells. The enhanced cellular internalization of siRNA carried by PEG~113~-*b*-PDMAEMA~31~-*b*-PPy~30~ should be rationalized by caveolar endocytosis, which was reported as the pathway for micelleplexes to be engulfed by the cells.[@cit38],[@cit40],[@cit48]--[@cit50] Notably, 5 μg mL^--1^ of triblock copolymer micelles, which was demonstrated to be nontoxic to MDA-MB-231 cells, is sufficient to carry 40 nM of siRNA. Therefore, this condition was used in the evaluation of knockdown efficiency.

![Cellular uptake of FAM-labeled siRNA in MDA-MB-231 cancer cells. (A) Images observed by a Zeiss LSM 780 confocal microscope for MDA-MB-231 cells treated with 40 nM free siRNA, micelleplexes carrying 40 nM siRNA, and micelleplexes carrying 80 nM siRNA for 4 h of incubation. The FAM-labeled siRNA was represented in green and the nucleus stained by DAPI was represented in blue. Scale bar = 20 μm. (B) Quantitative data of cellular uptake of free siRNA and siRNA carried by micelleplexes evaluated by the average optical density (AOD) of FAM-labeled siRNA in confocal laser scanning microscopy (CLSM) images. Data are the mean values ± SEM; \*\*\**p* \< 0.001.](c8sc01494a-f6){#fig6}

GAPDH knockdown efficiency
--------------------------

The silencing effect of siRNA delivered by PEG~113~-*b*-PDMAEMA~31~-*b*-PPy~30~ in MDA-MB-231 cells was evaluated by measuring the GAPDH enzyme activity with a KDalert GAPDH assay kit, which is assessed by the fluorescence increment with predetermined time in cell lysates. The knockdown efficiency was calculated by the ratio of the remaining expressions of GAPDH only between the conditions with a given transfection and the cell ([Fig. 7](#fig7){ref-type="fig"}). The detailed calculations were performed by following the reported method[@cit12],[@cit51]--[@cit54] and shown in the Experimental section of the ESI.[†](#fn1){ref-type="fn"} As compared to the control study with only MDA-MB-231 cancer cells, the free GAPDH siRNA and control siRNA carried by micelleplexes showed almost no knockdown efficiency because free GAPDH siRNA could not penetrate the cell membrane and the control siRNA cannot target the GAPDH mRNA. Although UV treatment showed 8% knockdown efficiency in MDA-MB-231 cancer cells, this value is insignificantly different to that of the control study from the statistical viewpoint. The 40 nM of GAPDH siRNA delivered by micelleplexes showed 11% knockdown efficiency, possibly due to the leakage of siRNA from micelleplexes. However, the knockdown efficiency of micelleplexes with 40 nM of GAPDH siRNA approached 51% when the sample was treated with UV irradiation for 30 min after cellular internalization, indicating that UV irradiation successfully liberated the GAPDH siRNA from micelleplexes, and therefore, activating RISC to degrade the targeted GAPDH mRNA as indicated by the reduced GAPDH enzyme activity. The remarkable difference in the knockdown efficiency of GAPDH siRNA encapsulated in the micelleplexes before and after UV irradiation demonstrated that PEG~113~-*b*-PDMAEMA~31~-*b*-PPy~30~ can achieve effective gene delivery and photo-triggered gene release for cancer treatment in spatiotemporal precision.

![Knockdown efficiency of GAPDH enzyme in MDA-MB-231 cells evaluated by using KDalert GAPDH assay after 4 h of cellular internalization and 44 h of incubation. All the experiments were executed in triplicate. Data are mean values ± SEM; \*\**p* \< 0.01, \*\*\**p* \< 0.001, ns: not significant.](c8sc01494a-f7){#fig7}

Conclusions
===========

The function of each block in PEG~113~-*b*-PDMAEMA~31~-*b*-PPy~30~ and the mechanism of its burst siRNA release became evident after the characterization of particle structure before and after UV irradiation. The PEG segment simply provides water solubility. The protonated PDMAEMA was used to bind the siRNA *via* the ionic force at pH 6.0 to approach 90% condensation efficiency at N/P ratio as low as 5. The high stability of these siRNA-encapsulated micelleplexes was illustrated by a low leakage rate (26%) in 24 h and attributed to the stable hydrophobic core formed by PPy and the interaction between PDMAEMA and siRNA. The siRNA release was triggered by UV irradiation that converted PPy to PMAA. The formation of PMAA segments at pH 4.3 to 6.5 not only removed the hydrophobic core but also induced competition between the protonated amine groups and siRNA using the anionic carboxylic groups to push out the siRNA, causing an ultrahigh release efficiency of 91%. The *in vitro* tests indicated that PEG~113~-*b*-PDMAEMA~31~-*b*-PPy~30~ self-assembled micelles have shown negligible cytotoxicity before and after UV irradiation, as well as the micelleplexes of siRNA and PEG~113~-*b*-PDMAEMA~31~-*b*-PPy~30~ exhibit an enhanced siRNA uptake efficiency associated with high protein knockdown efficiency, which are crucial for further *in vivo* transfection. The triblock copolymer of PEG~113~-*b*-PDMAEMA~31~-*b*-PPy~30~, which is a photo- and pH-responsive material, has therefore been demonstrated as an ideal siRNA carrier having not only the properties of remarkable siRNA condensation, high stability, and efficient siRNA release but also great performance in *in vitro* tests of cytotoxicity, siRNA uptake efficiency, and protein knockdown efficiency.
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